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[11 This paper presents a comprehensive analysis of the basin-wide inventory of
anthropogenic CO, in the Atlantic Ocean based on high-quality inorganic carbon,
alkalinity, chlorofluorocarbon, and nutrient data collected during the World Ocean
Circulation Experiment (WOCE) Hydrographic Program, the Joint Global Ocean Flux
Study (JGOEFS), and the Ocean-Atmosphere Carbon Exchange Study (OACES) surveys
of the Atlantic Ocean between 1990 and 1998. Anthropogenic CO, was separated from
the large pool of dissolved inorganic carbon using an extended version of the AC*
method originally developed by Gruber et al. [1996]. The extension of the method
includes the use of an optimum multiparameter analysis to determine the relative
contributions from various source water types to the sample on an isopycnal surface. Total
inventories of anthropogenic CO, in the Atlantic Ocean are highest in the subtropical
regions at 20°—40°, whereas anthropogenic CO, penetrates the deepest in high-latitude
regions (>40°N). The deeper penetration at high northern latitudes is largely due to the
formation of deep water that feeds the Deep Western Boundary Current, which transports
anthropogenic CO, into the interior. In contrast, waters south of 50°S in the Southern
Ocean contain little anthropogenic CO,. Analysis of the data collected during the 1990—
1998 period yielded a total anthropogenic CO, inventory of 28.4 +£4.7 Pg C in the North
Atlantic (equator-70°N) and of 18.5 £+ 3.9 Pg C in the South Atlantic (equator-70°S).
These estimated basin-wide inventories of anthropogenic CO, are in good agreement with
previous estimates obtained by Gruber [1998], after accounting for the difference in
observational periods. Our calculation of the anthropogenic CO, inventory in the Atlantic
Ocean, in conjunction with the inventories calculated previously for the Indian Ocean
[Sabine et al., 1999] and for the Pacific Ocean [Sabine et al., 2002], yields a global
anthropogenic CO, inventory of 112 + 17 Pg C that has accumulated in the world oceans
during the industrial era. This global oceanic uptake accounts for approximately 29% of
the total CO, emissions from the burning of fossil fuels, land-use changes, and cement
production during the past 250 years.  INDEX TERMS: 1615 Global Change: Biogeochemical
processes (4805); 1635 Global Change: Oceans (4203); 4805 Oceanography: Biological and Chemical:
Biogeochemical cycles (1615); 4806 Oceanography: Biological and Chemical: Carbon cycling; KEYWORDS:
anthropogenic CO,, Atlantic Ocean, air-sea disequilibrium
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[2] The burning of fossil fuels, land-use changes, and
cement production over the last 250 years have increased
the atmospheric carbon dioxide (CO,) concentration from
280 parts per million by volume (ppm) prior to the industrial
revolution to the current level of more than 370 ppm [Neftel
et al., 1985; Keeling and Whorf, 2000; Houghton et al.,
2001]. During this period, only about half of the CO,
released by these anthropogenic processes has remained in
the atmosphere. The ocean and land biosphere are believed
to have taken up the remainder [Houghton et al., 2001; Orr
et al., 2001; Sarmiento and Gruber, 2002]. Of the three
major sinks in the global carbon budget, that is, the
atmosphere, ocean, and land biosphere, the change in
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atmospheric CO, concentration over time has been most
accurately determined, due to the presence of a high-quality
global sampling network that can adequately resolve the
spatial and temporal variability of atmospheric CO,. Deter-
mination of the oceanic sink of CO, is a more complex task
because it is difficult to sample the ocean adequately and to
separate out the small anthropogenic signal from the large
background concentration of the total inorganic carbon
pool. The most challenging measurement problems are
associated with estimating the terrestrial carbon sink
because of the large spatial inhomogeneity in terrestrial
carbon sources and sinks. Predicting global climate change
as a consequence of CO, emissions requires measurements
spanning long periods along with carbon models that
estimate the growth rate of CO, in the atmosphere and its
removal, redistribution, and storage in the oceans and land
biosphere.

[3] During the period 1980—1989, the carbon inventory
in the world oceans had increased at a mean rate of 1.9 +
0.6 Pg C yr ' (Pg C = 10" g of carbon) [Houghton et
al., 2001], accounting for 35% of the 5.5 Pg C released
annually to the atmosphere [Houghton et al., 2001].
However, currently available estimates of the oceanic
carbon inventory were determined based either on mea-
surements other than CO, [Quay et al., 1992; Keeling and
Shertz, 1992; Enting et al., 1995] or on ocean models
evaluated with the bomb radiocarbon and/or CFC distribu-
tion [Sarmiento and Sundquist, 1992; Siegenthaler and
Sarmiento, 1993; Stocker et al., 1994; Orr et al., 2001;
Dutay et al., 2002]. A caveat associated with these
techniques is that neither bomb radiocarbon nor the more
recently introduced CFCs are ideal surrogates for tracing
the distribution of anthropogenic CO, in the oceans. The
uncertainty of current estimates of oceanic uptake is
+0.6 Pg C yr ' [Houghton et al., 2001], which is close
to the level of agreement between different models. Much
of this uncertainty can be attributed to lack of direct
measurements of the carbon content of the oceans at
different times. In fact, the desire to reduce this uncer-
tainty was an important factor motivating the inclusion of
a global CO, survey as a major component of Joint
Global Ocean Flux Study (JGOFS) during the 1990—
1998 period. Specifically, the survey aimed to (1) quan-
tify the uptake of anthropogenic CO, by the oceans,
(2) improve ocean carbon cycle modeling by providing
a global description of the inorganic carbonate system,
and (3) characterize the transport of CO, in the ocean.
Prior to the global CO, survey, these issues could only be
studied on a global scale by the use of models. Many
investigators participated in this global CO, survey.
Despite the large number of the collaborating groups,
however, an internally consistent basin-wide data set was
obtained by the use of the state-of-art measurement
techniques [Johnson et al., 1993; Millero et al., 1993;
Wanninkhof and Thoning, 1993; Clayton and Byrne,
1993; Neill et al., 1997], laboratory-calibrated measure-
ment protocols and post-cruise adjustments. The quantity
and quality of these field data are sufficient to serve as a
baseline against which future measurements of the tran-
sient invasion of anthropogenic CO, can be compared.
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[4] To quantify the anthropogenic CO, in the ocean, it is
necessary to correct the measured concentration of total
inorganic carbon (Cr) of a water sample for changes that
may have occurred since the sample was isolated from the
surface, for example, changes due to remineralization of
organic matter or dissolution of CaCO; particles. This
corrected Cr is subtracted from the “preformed Cr” of
the sample, which refers to the Ct when the sample was at
the outcrop region. The resulting Ct is the amount of
anthropogenic CO, stored in the water mass. This approach
was first introduced by Brewer [1978] and Chen and
Millero [1979], and was subsequently applied by Chen
[1993] to various regions of the world oceans. However,
this approach has been found to suffer from significant
problems, including a large uncertainty in the estimation of
the preformed Cr of different water masses in the preindus-
trial era [Broecker et al., 1985], inadequate treatment of the
effect of mixing of different water types [Shiller, 1981], and
uncertainties arising from the use of constant stoichiometric
ratios and of the apparent oxygen utilization for estimating
the input of CO, from the oxidation of organic matter
[Broecker et al., 1985].

[5] The shortcomings outlined above have impeded the
widespread adoption of this basic approach. It was not
until the mid-1990s that the basic approach was subject
to further assessment and its full utility for testing
anthropogenic CO, distributions simulated by global
circulation models was realized [Sarmiento et al., 1992].
Subsequent to this reassessment, Gruber et al. [1996]
proposed an improved method, which introduces a quasi-
conservative tracer AC* that is the sum of the anthropo-
genic CO, concentration and the air-sea disequilibrium.
This method shares the basic concept of its predecessor,
but includes improved treatment of the effects of mixing
of different water masses and better estimates of the
values of preindustrial preformed Cr.

[6] This AC* method has been applied to high-quality
global CO, survey data collected in the Indian Ocean
[Sabine et al., 1999] and the Pacific Ocean [Sabine et al.,
2002]. Here we apply a similar AC* method to inorganic
carbon measurements made in Atlantic waters. The distri-
bution of anthropogenic CO, in the Atlantic Ocean obtained
in the present study is compared with the previous estimate
[Gruber, 1998] made using historical data collected from
the Transient Tracers in the Ocean/North Atlantic Study
(TTO/NAS) and Transient Tracers in the Ocean/Tropical
Atlantic Study (TTO/TAS) in 1981-1983 and from the
South Atlantic Ventilation Experiment (SAVE) in 1987-
1989. Our analysis, in conjunction with the analysis of
Sabine et al. [1999] for the Indian Ocean and Sabine et al.
[2002] for the Pacific Ocean, provides the first databased
global inventory of anthropogenic CO, in the world oceans
for the 1990s.

2. Global Survey Data Set

[7] A multinational and multiagency effort between 1990
and 1998 led to the creation of a comprehensive database of
inorganic carbon measurements for the Atlantic Ocean
(Figure 1, Table 1). Data used in the present study were
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Figure 1. Locations of data used in this analysis. These
data were collected between 1990 and 1998 as part of World
Ocean Circulation Experiment (WOCE) Hydrographic
Program, the Joint Global Ocean Flux Study (JGOFS),
and the Ocean-Atmosphere Carbon Exchange Study
(OACES).
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collected as part of the WOCE, JGOFS, and OACES. The
combined Atlantic database includes quality-controlled and
cross-referenced data from a total of 23 cruises [Wanninkhof
et al., 2003]. Over the course of the global CO, survey,
significant improvements were made in the measurements
of Ct [Johnson et al., 1993], total alkalinity (Ar) [Millero et
al., 1993], discrete CO, fugacity (fCO,) [Wanninkhof
and Thoning, 1993; Neill et al., 1997], and pH [Clayton
and Byrne, 1993]. Standardized methods for sampling and
analysis were documented [Dickson and Goyet, 1994] and
disseminated worldwide, which led to similar levels of
accuracy and precision between investigators at sea. In
particular, the use of certified reference material (CRM),
developed and distributed by A. Dickson of Scripps Insti-
tution of Oceanography, contributed to improved accuracy
and precision in at-sea Ctand At measurements [Dickson et
al., 2003].

[s] When measurements of At are not available, the
combined data set also includes the calculated values of
Ar from Ct and pH or Ct and fCO, using thermodynamic
constants. The carbonic acid dissociation constants of
Merhbach et al. [1973] as refit by Dickson and Millero
[1987] were used in this calculation (Table 1). This set of
carbonic acid dissociation constants has been shown to be
the most consistent with large carbon data set collected
during the global carbon survey [Lee et al., 2000; Millero
et al., 2002]. The Cr and Ar data obtained from the
23 cruises were checked for systematic offsets of these
parameters between cruises [Wanninkhof et al., 2003] by
four independent methods: (1) Inorganic carbon system
values in deep water were compared where cruise tracks
cross, referred to as “crossover analyses’’; (2) multiparam-
eter linear regressions of Cr (or At) with potential temper-
ature, salinity, oxygen, silicate, and nitrate were created
for cruises which follow the same cruise track, and the

Table 1. Summary of Cruise Data Used in Calculating Anthropogenic CO,

Parameter

Parameters Analyzed Adjustments

Cruise Name Cruise Date Chief Scientist Cr Ar fCO, pH CFCs N P Si O Cp Ar
AO0IWR June 1998 P. Jones/BIO, Canada Y Y NP N Y Y Y Y Y NA® NA
A02 June 1997 P. Koltermann/BSH Y Y N N Y Y Y Y Y NA NA
A0SR Jan. 1998 K. Lee/AOML Y Y + Calc? Y Y Y Y Y Y Y NA NA
A08 April 1994 T. Mueller/U. of Kiel Y Calc® Y N Y Y Y Y Y NA NA
A09 Feb. 1991 G. Siedler/KU Y Y N N Y Y Y Y Y NA -7
Al0 Jan. 1993 R. Onken/U. of Kiel Y Y N N Y Y Y Y Y NA NA
Al2 Feb. 1990 W. Roether/UB Y Calc® Y N Y Y Y Y Y NA NA
Al3 March 1995 M. Arhan/LPO Y Y N N Y Y Y Y Y NA NA
Al4 Jan. 1995 H. Mercier/LPO Y Y N N Y Y Y Y Y NA NA
AlS5 April 1994 W. Smethie/LDEO Y Y N N Y Y Y Y Y NA NA
Al6N July 1993 R. Wanninkhof/AOML Y Y Y Y Y Y Y Y Y NA NA

Al7 Feb. 1994 L. Memery/LODYC Y Y + Calc! N N Y Y Y Y Y NA Calc® + 7.5

A20 July 1997 R. Pickart/WHOI Y Y Y N Y Y Y Y Y NA NA
A21 Jan. 1990 W. Roether/UB Y Calc’ Y N Y Y Y Y Y NA NA
A22 Aug. 1997 T. Joyce/WHOI Y Y Y N Y Y Y Y Y NA NA
A24 June 1997 L. Talley/SIO Y Y N N Y Y Y Y Y NA NA
106 March 1996  A. Poisson/France Y Y N N Y Y Y Y Y NA NA

%Y denotes that measured values are available.
N Denotes that measured values are not available.
°NA denotes no adjustment made.

dCalculated values of Ay from Cp and pH were used when measurements of At were not available.

°Ar calculated from Ct and fCO,.

fAr estimated from MLR using hydrographic parameters from nearby stations with measured A
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calculated values were then compared with the measured
parameters for individual cruises; (3) the internal consistency
between parameters was determined using thermodynamic
models when more than two carbon system parameters
were measured; and (4) regional multiparameter linear
regressions of Ct (or Ar) with potential temperature, salinity,
oxygen, silicate, and phosphate were created using data that
were deemed good based on the previous checks. The
calculated values were then compared with individual
cruises that showed significant offsets in the crossover
analysis.

[9] The results of the four analyses suggest that the inter-
cruise differences for Cr and A are <4 and <6 pmol kg™ ',
respectively, except for a few cruises [Wanninkhof et al.,
2003]. An adjustment of —7 pmol kg~ ' was recommended
for Ar values on A09, whereas no adjustments for Ct were
suggested. After adjusting the A09 Ar data, the entire data
set is internally consistent to +4 for Cr and +6 pmol kg
for Ar. The final data set comprises approximately 26,538
measurements of Ct and 20,058 measurements of A, and
is available at http://cdiac.ornl.gov/oceans/datameta.html.
The caveats in the analysis and recommendations should
be borne in mind. The analysis focused primarily on
deep-water quantities, and assumed that they are invariant
on decadal timescales. Moreover, no comparisons were
made in the upper water column, because there is
seasonal variability in the upper water and the anthropo-
genic perturbations are most noticeable there. On the
WOCE/JGOFS/OACES cruises, efforts were made to
collect CFC samples from the same bottles as were used
for the Ct and Ar determinations. A number of labora-
tories made CFC measurements as part of these programs.
After the initial shipboard analysis, a variety of tests were
performed to evaluate the quality of CFC data sets,
including comparisons of air measurements with global
atmospheric CFC trends and with measurements of sur-
face CFC concentration, and examination of the consis-
tency of the CFC concentration and CFC-11/CFC-12
ratio measurements along vertical profiles, along sections,
and at crossover stations. The CFC data were combined
with the global WOCE data set [WOCE Data Products
Committee, 2002] and are reported as picomole per
kilogram seawater (pmol kg~ ') on the SIO98 calibration
scale. These data are available at http://cdiac.ornl.gov/
oceans/datameta.html.

3. Calculation of Anthropogenic CO,
3.1. AC* Calculation

[10] The amount of total inorganic carbon in the oceans
is controlled by the production and remineralization of
organic matter and calcium carbonate, and air-sea exchange
of anthropogenic CO,. The technique for accounting for
these contributions and separating the anthropogenic CO,
component (typically <60 pmol kg~ ") from the large pool of
total inorganic carbon (typically 1800—2200 pmol kg ')
was developed by Gruber et al. [1996] and refined by
Sabine et al. [2002]. This method is based on the same
general concepts as its predecessors [Brewer, 1978;
Chen and Millero, 1979] but partially addresses some
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Figure 2. Residual plot of the difference between
measured surface alkalinity and that estimated by multi-
linear regression (equation (2)) using S and NO with the
measured alkalinity (pressure <100 dbar). Estimated
alkalinity is based on multilinear regression using S and
NO (O, — Ron X N). The dotted line is the standard
deviation from the mean (1o = 10.3 pmol kg™ ').

shortcomings inherent in the earlier methods. Specifically,
this new method introduces a quasi-conservative tracer,
AC*, defined as

AC* = CMEAS | R (0125Q _ Olz\/lEAS)
~ 05 [(A_I}/IEAS —A%) — Rxo <O]25Q — Og’lEAsﬂ

_ CEQ (fC02 = 280patm, A7, 0, S)’ M

where the superscript “MEAS” refers to the measured
concentrations in water samples; OZEQ and O%’IEAS are the
saturation and in situ concentrations of oxygen, respec-
tively; AT is the preformed A, which is the Ar that a
water parcel had when it was last at the ocean surface;
CEQ is the Cr in equilibrium with the preindustrial
atmospheric CO, fugacity of 280 patm for the sample’s
salinity (S), potential temperature (), and Af; and Rc.o
and Ryn.o are stoichiometric ratios relating inorganic
carbon and nitrate (N) changes to dissolved oxygen (O)
changes, respectively.

[11] The preformed alkalinity (A}) of a subsurface
water parcel was estimated from a multilinear regression
using conservative tracers such as S and NO as indepen-
dent variables. NO is defined as NO = O, — Ro.ny X N
[Broecker, 1974]. We used Ron of —10.625 taken from
Anderson and Sarmiento [1994]. The measured surface
Ar data (<100 dbars) from the WOCE/JGOFS/OACES
global CO, survey program gave the following relation-
ship (Figure 2):

A% (mol kg') = 335.7 + 55.80 x S +0.08924 x NO,  (2)

where S is on the practical salinity scale and NO is in pmol
kg~'. The standard error (lo) of the estimated A$ is
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Figure 3. Plot of linearized equilibrium concentration
of Cr (CE?) versus directly calculated CEQ from a
thermodynamic model using A} from equation (2) and
fCO, = 280 patm.

£10.3 pmol kg~ ' based on 2345 data points. In contrast to
Gruber et al. [1996], who used PO (O, — Rop X P), we
used NO because gaps exist in the phosphorous data set in a
zonal section of AO5R and the loss of nitrate due to water
column denitrification is insignificant in the Atlantic Ocean
[Gruber and Sarmiento, 1997]. This relationship holds for
the surface ocean as covered by the cruise tracks occupied
during the Atlantic CO, survey (Figure 1). The use of an
additional variable such as 6 to fit surface At data does not
reduce the uncertainty. The values of At calculated using
equation (2) are on average about 5 pmol kg~ ' higher than
the corresponding values calculated using Gruber et al.’s
equation derived from the GEOSECS, TTO/NAS, TTO/
TAS, and SAVE surface data. This systematic offset,
however, largely cancels out in the calculation of the
concentration of anthropogenic CO, (C*NT) because it
equal%}{ affects AC* and ACP™SEQ the difference of which
is ¢,

CANT = AC* — ACPSFQ, (3)

The equilibrium value of Cp (CF®) with respect to a
preindustrial atmospheric fugacity of 280 patm was
calculated from the estimated At from equation (2) and
fCO, = 280 patm using the dissociation constants for
carbonic acid of Merhbach et al. [1973] and other ancillary
constants as recommended by Millero [1995] and Lee et al.
[2000]. The resulting C+° were then linearized by a least
squares linear fit, yielding the equation

CEQ = 2077 — 8.517(0 — 9) + 3.523(S — 35)
(4)
+ 0.6399(A$ — 2320),

with a standard error (10) between the linearized CF< and
calculated CF? of £3.0 pmol kg~ ' (Figure 3).
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[12] The sum of the first three terms on the right side
of equation (1) is the preformed Cr of a sample when the
sample is at the surface. AC* is the difference between
the preformed Ct and the Cr in equilibrium with a
preindustrial atmospheric fCO, of 280 patm at the values
of 6, S, and A% of the sample. Under these conditions, if
the ocean takes in anthropogenic CO,, the value of AC*
will increase. Thus AC* reflects C*NT and ACP'SEQ
expressed in terms of Cr at the time when the sample
lost contact with the atmosphere. C*NT can only be
estimated by calculating the air-sea disequilibrium of a
water parcel at the time of water mass formation at an
outcrop region.

3.2. [Estimation of the Air-Sea Disequilibrium

[13] For any given water parcel in the interior of the
ocean, the net air-sea disequilibrium value (ACPISEQNET)
represents a mixture of the disequilibria of the n different
end-members,

ACDISEQ-NET _ xiACDISEQ—i’ (5)
2

1

where x; (O x; = 1) is the relative contribution of the
particular source water type to each sample and ACP'SFQ7 ig
the unique disequilibrium value for the particular type of
source water. This analysis is based on the assumption that
anthropogenic CO, is predominantly transported along
isopycnal surfaces and that the disequilibrium value for an
outcrop region of a particular isopycnal surface has
remained approximately constant over time.

[14] Determination of the air-sea CO, disequilibrium
term (ACP™FQ) needed for estimating CANT is not
straightforward [Gruber et al., 1996; Sabine et al.,
2002]. Two methods can be used to estimate ACP™SEQ
for isopycnal layers. For isopycnal surfaces located in the
interior of the ocean where CFC-12 is absent and where
one can confidently assume that there is no anthropogenic
CO, (CANT =0), the ACP™EQ term equals AC* (ACPISEQ =
AC* — [C*NT = 0]) (Table 2). The AC* values in these
waters reflect a mixture of different end-members ACP'SEQ,
To ensure that the ACP'SER values for deep density surfaces
were not contaminated with anthropogenic CO,, we only
used AC* values showing no obvious trend along the
isopycnal surface. However, despite these measures, we
cannot completely rule out the possibility that the deep
density surfaces we consider may be contaminated with
anthropogenic CO,, albeit to a minor extent. If this is the
case, the AC* method will underestimate the amount of
anthropogenic CO,.

[15] For shallow or ventilated isopycnal surfaces that
contain measurable levels of CFC-12, the assumption that
the waters removed from the outcrop are devoid of
anthropogenic CO, does not hold. For such surfaces,
we used the AC*ppp method, which calculates the
concentration of total inorganic carbon (Cf%r) in
equilibrium with the corresponding atmospheric fCO,
(fFCOTsamPIe-CFCY) wwith which the water parcel was in contact
during its formation (sampling date, Tsample—CFC age,
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Table 2. Definitions of Water Types for the Atlantic Ocean
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CFC). Replacing CFQ in equation (1) with C{%p yields
AC* 1\ in the following manner:

5
=
e
@
<
Z
. ACHE = CYPS 4 Reo (052 — OYEAS)
SETNNInne2(f
R RN ~05 [(A¥EAS — AY) = Ruo (OEQ - 02“5’*5)}
Gy
: ~ €12 1 (fCOp™ ™, AL, 0,8) (6)
=
SEEREES5E|E
mSnmegeer g The age of the water parcel was calculated by converting the
e i CFC-12 concentration (pmol kg_l) in the subsurface water
2 to the partial pressure of CFC-12 (pCFC-12) at the potential
Y8R LYTER B temperature and salinity [Doney and Bullister, 1992.] and
——®SSa=md| & then matching the pCFC-12 of the subsurface water with the
i PpCFC-12 of the atmosphere for the appropriate year. In this
agoagsgegl g calculation, the subsurface water parcel is assumed to have
TYBoodmey 3 been in solubility equilibrium when it was in contact with the
- é overlying atmospheric pCFC-12. Thus the age of the sub-
g surface water is defined as the time difference between the
C NSO T N® — | 2 measurement date and the date when the water parcel was
Q5 500 W noown - . . .
d-—SS—as3| E last in contact with the atmosphere. For waters with pres-
'-g sures <100 dbars, ACP'SE? was determined from equation
oo ool 2 (6) under the assumption that the year in which the cruise
Srhoxesrncdly was conducted is a good approximation for the age of waters.
T mameelo [16] The water age calculated based on pCFC-12 will not
;1_.2 necessarily be identical to the true water age because of
vnag-—nngg = possible initial undersaturation of CFC-12 in an outcrop
SSscsssag| g region and systematic biases in CFC-based ages due to
g subsurface dilution and nonlinear mixing of waters with
differing ages [Warner et al., 1996; Doney et al., 1997;
wstwvmossof & ) > 5 5
285224975 Sonnerup, 2001]. For the period 1965—1990, the CFC-12
B Lg concentration in the atmosphere increased relatively rapidly
SoTanzTaeg £= [Walker et al., 2000], so a CFC-12 undersaturation of 5—
Gt Cazeal TE 10% in an outcrop region would increase the initial pCFC-12
= g age by a few years relative to the true age. Age biasing can
cmammEaen b 2 be significant when younger anq older waters mix, with
= = 5 sosdo < 58 the pCFC-12-based age of the mixture tending toward the
R R R R e R K = § age of the younger (higher CFC-bearing) component.
R However, mixing between waters ventilated between
el o Rl gl I Z 1965—-1990 is expected to give rise to relatively small
eeeeeeeee 3 < age biases because of the quasi-linear increase in atmo-
£¢ spheric CFC-12 during this period [Doney et al., 1997;
TEACRIE R <y Sonnerup, 2001]. In the present study we limited the use of
R T 2 pCFC-12-based ages for waters younger than 30 years old,
Z e because the difference between the true and the pCFC-12
= 8 age for these waters is less than 25% [Doney et al., 1997;
At oen —xwwnl O
SXRmnaa=<zg Sonnerup, 2001].
ceTEeees fé [17] The value of ACP™SEQ estimated for a particular water
2 i parcel represents the weighted average of individual air-sea
— oM m=0wunm E 5 disequilibria for various source water types. In previous
BN e B . DISEQ 3
Ngmgavaas] 8% studies, the net AC value for a certain water parcel was
o % estimated based on the assumption of either no mixing
i;’ = [Chen and Millero, 1979] or simple two end-member
LELereee | s . mixing [Gruber et al., 1996; Gruber, 1998] along isopycnal
MO AN as @ é § surfaces. Optimum multiparameter (OMP) analysis was
é = rgcently gdoptF:q to improve the determination of the net
§§ 5 Aggﬁ‘@ 2 g air-sea .dlsequlhbru'lm for a sample by more accurately
;B “=8z=zo2 e 5 estimating the relative contributions of the various source
s Q E ;3 29 E 223 waters contained in the sample [Sabine et al., 2002]. Below
nZ<0=2zZ<<l = we briefly describe the key aspects of the OMP procedure
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Table 3. Weights Assigned to Linear Equations (Equations (7)—(9)) Used in the Optimum Multiparameter (OMP) Analysis

Temperature Salinity Phosphate Oxygen Nitrate Silicate Mass Conservation
Equation (7) Equation (7) Equation (8) Equation (8) Equation (8) Equation (8) Equation (9)
Block 1 29 56 23 2 18 3 100
Block 2 40 35 13 5 11 17 100

for estimating mixing coefficients; further details on this
procedure can be found elsewhere [Tomczak, 1981; You and
Tomczak, 1993; Poole and Tomczak, 1999].

[18] The utility of the OMP analysis lies in its ability to
determine mixing coefficients from predefined source water
types that are represented by unique values of measured
conservative (temperature T, salinity S) and nonconserva-
tive (oxygen O, silicate Si, nitrate N, and phosphate P)
parameters. The number of source water types depends on
the availability of measured values for the various param-
eters. The OMP analysis used in the present study is the
extended version that, unlike the original version, accounts
for changes in source water types due to biological pro-
cesses. The extended OMP analysis includes biogeochem-
ical changes in source water types, making it suitable for
investigating water mass structures on basin-wide scales.
The relative contributions of source water types to each data
point are estimated by minimizing the residuals (Rc or Rnc)
of the following linear equations in the least squares sense:

x1Cy +xCy + x3C3 +x4C4 + x5Cs — Cyipas = Re,  (7)

X1NC; + xoNC; + x3NC3 + x4NCy + x5sNCs

+ Ry/pAP — NCymeas = R, (8)

X1 +Xx2+x3 +x4 +x5 =1+ Ry, 9)

where x; (i = 1-5) is the relative contribution of source
water type i, C; is the conservative parameter (T, S)
concentration of the source water type i, and NC; is the
nonconservative (O, Si, N, P) parameter concentration of
the source water type 7, the subscript “MEAS” denotes
measured parameters, and equation (9) represents the
condition of mass conservation (3 x; = 1), which is an
additional constraint.

[19] In the equation for the nonconservative parameters
(equation (8)), the estimated change in phosphate (AP) due
to remineralization of organic matter is related to the change
in other bioactive parameters through the stoichiometric
ratios (R) of Anderson and Sarmiento [1994], which takes
care of the effect of changes in source water type definitions
(see Table 2) due to biological influences. Equations (7)—
(9) were normalized to make their units comparable and
weighted differently to account for differences in analytical
accuracy and the dynamic range of parameters in the ocean
in terms of time and space. The mass conservation equation
(equation (9)) is generally assigned the highest weight
because the sum of the mixing coefficients should be unity.
In our analysis, we initially assigned equation (9) a weight
comparable to the highest of the other parameter weights

and then increased this weight until the residuals were
smaller than 1% (Table 3). The next highest weight was
assigned to equation (7) because salinity and temperature
are conservative properties. We refer readers elsewhere
[Tomczak, 1981; You and Tomczak, 1993; Poole and
Tomczak, 1999] for further details on the normalization
and weighting scheme.

[20] A key step in the OMP analysis is the identification
and definition of the source water types for the mixing
model. The entire Atlantic data set was divided into two
blocks of data according to potential density (og) (Figure 4).
The first set of data was obtained from the main thermocline
(24 < 09 < 27.5), where there is measurable CFC-12. For
this block of data, consideration of a temperature-salinity

U<0,<275 | 4.

Potential Temperature

Potential Temperature

35.0 35.5

Salinity
Figure 4. Temperature-salinity diagrams for all Atlantic
data points on which anthropogenic CO, can be estimated.

Data within the ovals were used for defining properties of
source water types (results are summarized in Table 2).
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Figure 5. Maps of the OMP analysis solution, showing (a) contributions of the North Atlantic Deep
Water, (b) the Antarctic Bottom Water, and (c) the Antarctic Intermediate Water.

diagram, location (latitude and depth), and descriptions of
water types in the literature [Schmitz, 1996] revealed four
source water types: South Atlantic Central Water
(SACW), North Atlantic Central Water (NACW), Antarc-
tic Intermediate Water (AAIW), and Central Water (CW,
a mixture of SACW + NACW). The properties of these
source waters were then determined by taking the mean
and standard deviation of hydrographic data representing
these source water types (see Table 2). The second data
set was obtained from intermediate and deep waters (og >
27.5). Five source water types were also identified in this
block of data: NACW, AAIW, Mediterrancan Water
(MW), North Atlantic Deep Water (NADW), and Antarc-
tic Bottom Water (AABW). The properties of these
source water types were then determined using the
method that was used for the main thermocline (Table 2).
The distributions of the fractions of three major water
types derived from the OMP analysis, shown in Figure 5,
are in good agreement with the deep-water structures of
the Atlantic Ocean. In addition, the definitions of source
water types identified from two layers agree well with
those reported by Schmitz [1996]. For comparison,
Gruber [1998] estimated the relative contributions of
three end-member waters using a two-end-member mixing

model and the conservative tracer PO%, defined as O, —
RO:P x P.

[21] The net air-sea disequilibrium value (A
for each data point in this analysis was calculated by using
equation (5) along with mixing fractions for each sample
(x;) derived from the OMP analysis and the unique disequi-
librium values for different source water types (ACPISEQ-)
(Table 2).

CDISEQ—NET)

3.3. Evaluation of Errors

[22] A rigorous analysis of the error associated with the
estimated values of C*N' is difficult because of the
subjective nature of the choices of end-member water
types, preformed values, and constant remineralization
coefficients. The error will consist of random and sys-
tematic components. Random errors are introduced by
uncertainties in preformed Af, linearized CXQ, carbon and
tracer measurements, the stoichiometric ratios (Rc.o and
Rn.0), and in the potential disequilibrium of oxygen
between the surface ocean and the overlying atmosphere.
These random errors can be calculated by propagating
through the precision of the various measurements
required in solving equation (1), as described in detail
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Table 4. Mean Values of Air-Sea Disequilibrium on Density Intervals in the Atlantic Ocean Calculated by Gruber [1998] and Used in

This Present Study®

Gruber This Study Gruber This Study Gruber This Study
Potential ~ ACN4, ACMA, ACSA, ACSA, AC™, AC™,
Density  pmol kg7l o N pmol kgfl o N pmol kg’] o N pmol kgfl o N pmol kg7l o N pmol kgfl g N
oy Surfaces
25.30 —-19 5 5 —18 6 15 7 15 10 6 10 13 1 2
25.60 —17 5 2 —17 5 9 -5 5 22 17 2 3 —15 6 24
25.90 —13 8 6 —13 5 40 —12 6 23 9 4 4 —18 5 63
26.20 —24 4 7 -20 5 68 -17 2 9 -3 5 11 4 4 14 —14 5 7
26.50 -22 5 52 —21 6 410 —15 5 25 —12 5 110 -2 379 —15 4 93
26.80 —12 3 34 -17 5 85 —10 3 209 —14 4 313 -5 3 25 —14 5 113
27.10 —12 3 53 —14 5 549 —13 3 303 —18 3 171 -7 320 —16 5 130
27.30 —14 4 20 —15 6 106 —18 3 46 -20 4 86
27.40 —17 4 13 —16 6 202 -20 4 30
o, Surfaces
36.45 —16 5 39 —16 5 265 -17 3 34
36.55 —15 5 34 —19 5 11 -20 2 26 *
36.65 —16 6 39 -21 4 275 —-19 5 15 -23 0 57
36.75 —18 5 60 -22 30122 -20 3 9 —17 5 105
36.85 —13 8 102 —15 8 823 —17 7 47 —14 4 146
36.95 —10 4 106 —19 8 98 —-17 5 48 —14 6 214
37.00 —13 4 92 —15 5 56 —14 4 108 —16 4 51
37.05 —16 3 94 —18 4 721 —16 3 110 —14 5 366
04 Surfaces
45.825 —16 3 51 * —16 3 62 —14 5 44
45.850 —16 4 49 —18 5 26l —16 4 60 —11 4 159
45.875 —15 4 68 —18 4 317 —16 4 75 —11 5 149
45.900 —16 339 —21 6 89 —16 3 45 —10 4 268
45.925 —15 3 28 -25 2 20 —15 3 31 —10 4 127
45.950 —15 3 15 —15 320 —10 4 244
45.975 —14 327 -9 4 104
46.000 —13 3 36 -9 4 284
46.025 —12 3 30 -9 4 198
46.050 —12 4 37 —9 3 292

“Disequilibrium values are not reported when the total number of data is fewer than five.

by other investigators [Gruber et al., 1996; Sabine et al.,
1999],

[GCANTA (o CMEASY2 {ocEQ}2+ { (032~ OQAEAS)GRc:o}Z

2
+ {(Rc:o + O.SRN:O)gogQ}

2 2
+ {(—Rc:o — O.SRN:O)O'O%/IEAS} + {O.SO.AI_}/IEAS}

+ { (ac?Q JOAMEAS | o.s)mg}z

2
- {oAcD'SEQ} 7 (10)
where oCYFAS = 2.0 pmol kg™ '; oCE? = 3.0 pmol kg™ ;
60,"? = 4.0 pmol kg~ '; cOYFAS = 1.0 pmol kg ';

oAMEAS = 4.0 pmol kg™ '; 0AS = 10.3 pmol kg™'; CEY
OAMEAS = (.842: cACPSEQ = 33 pmol kg™ '; oRc.o =
0.092 pmol kg '; and oRy.0 = 0.0081 pmol kg ".

[23] The uncertainties (lo) in the measured parameters
used in equation (10) were taken from Wanninkhof et al.
[2003] and Gruber et al. [1996], and those for the
preformed parameters were taken from section 3.1. The
uncertainty in cACP'™S*Q was taken as the average value
for the standard deviations (1o) of the means for all the
source water types used in the OMP analysis (see Table 2).
For stoichiometric ratios, the uncertainties estimated by

Anderson and Sarmiento [1994] were used. The error in
CANT due to uncertainties in Re.o becomes significant only
for an apparent oxygen utilization (AOU = OFQ — QMEAS)
greater than 80 pmol kg ' [Gruber et al., 1996]. We used an
AOU value of 50 pmol kg~' for estimating the error in
oC*NT because most of the anthropogenic CO, is found in
upper waters with AOU values of <50 pmol kg~'. The
overall uncertainty of our C*NT estimation is 7.9 pmol kg ™!
(equal to the error for an AOU of 50 pmol kg~ "), which is
close to the previous estimates of 6 umol kg~ ' [Sabine et
al., 1999] and 9 pmol kg ' [Gruber et al., 1996]. Implicit in
our error estimation is the assumption that the individual
errors are unrelated and independent. Some of the errors
may cause systematic biases in the C*NT estimation. In
particular, the uncertainties in the stoichiometric ratios,
Rc.o, could potentially result in an average error of about
4 ymol kg~ ' [Sabine et al., 1999, 2002]. However, system-
atic errors such as those due to uncertainties in Rc.o are
partially canceled out in the present method for estimating
CANT because C*NT is calculated as the difference of AC*
and ACP'SEQ both of which are equally affected by
systematic errors in some of the terms, including Rc.o
[Chen, 1993; Gruber et al., 1996; Gruber, 1998; Sabine
et al., 1999, 2002].

[24] The main difference between the present method and
that used by Gruber et al. [1996] lies in the expression used
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Figure 6. Comparison of estimated air-sea disequilibrium (ACP™SF?) (solid circles) with those obtained
by Gruber [1998] (open triangles). Two independently estimated ACPISER values are plotted as a function
of potential density for the (a, d, f) North Atlantic, (b, e, g) South Atlantic, and (c)Tropical Atlantic. Good
agreement is observed except for the tropical Atlantic.

to determine the net air-sea CO, disequilibrium value
(ACP'SFQNETY for each sample. Therefore the estimation
of the error in the value of C*NT calculated here should
include possible errors associated with defining the end-
member water types and estimating mixing coefficients
using the OMP analysis. The effect on C*N' estimation of
errors in end-member water types and mixing coefficients is
evaluated in section 4.3, where we estimate the uncertainties
in the basin-wide inventory of anthropogenic CO,.

4. Results and Discussion
4.1. Air-Sea Disequilibrium (AC""SEQ)

[25] The mean air-sea disequilibrium value (ACPISEQ)
representing each isopycnal interval is summarized in
Table 4 and shown in Figure 6. ACP'E? varies significantly
as a function of oy in the main thermocline (0g =25.3-27.4),
but changes to lesser extent in the deeper part of the
thermocline (o, = 36.45-37.05) and in deep waters (04 =
45.825-46.050). All density surfaces denser than o > 26.0

display almost constant but negative values of ACP'SFQ
suggesting that temperate to high-latitude oceans in which
these surfaces outcrop are undersaturated with respect to
atmospheric fCO,. Wintertime cooling in these regions
causes the surface fCO, to drop below the atmospheric
fCO, level. The North Atlantic waters have relatively con-
stant ACP"SEQ values, ranging from —13 to —25 pmol kg~
over the entire water column. In the shallow South Atlantic
waters (g < 27.2), the ACP™SEQ values vary significantly
from +10 pmol kg~' in the shallowest density surface to
—18 pmol kg ! in the other density surfaces of the tropics.

[26] The ACP™SEQ values of Gruber [1998] estimated from
TTO/NAS, TTO/TAS, and SAVE data are also included
in Figure 6 for comparison. Gruber used limited *H—>He
data in the North Atlantic (north of 15°N) and CFC-11 data
in the tropical and South Atlantic to estimate the water mass
age. Figure 6 shows the spline curves that were used to
estimate C*NT by Gruber et al. [1996] and Gruber [1998].
The largest discrepancies between these curves and our
values are found in the upper tropical Atlantic waters
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Figure 7. Meridional distributions of anthropogenic CO,
(umol kg ") from 60°N to 60°S in the (a) eastern and
(b) western Atlantic.

between oy = 25.6 and oy = 27.1, where our values are 10 to
30 pmol kg~ ' lower (Figure 6¢). These discrepancies could
potentially arise from differences in independently derived
empirical relationships for A%, CEQp CEQ or differences
between the data sets of present study and those used
previously. The empirical relationship for A% ag)plies to
the entire water column whereas that for CE? applies
only to deep waters uncontaminated by anthropogenic
CO,. If systematic differences exist in these relationships
derived from two different data sets, the comparison of the
estimated ACP'SEQ with that of Gruber [1998] for the entire
water column will reflect these differences. The good
agreement between our work and that of Gruber [1998]
for much of the Atlantic Ocean suggests that this effect is
small (Figures 6d—6g). The same contention can also apply
to the possible effect of differences between the different
data sets. Another possible explanation is that differences in
CT2; could be responsible. Differences in age estimation
may exist because CFC-12 age was used for estimation of
CY2; in the present work whereas CFC-11 or *H->He age
was used by Gruber [1998].

[27] Overall, the reasonable agreement between our work
and that of Gruber [1998] for much of the Atlantic Ocean
indicates good agreement in the values of AJ, CE, and
ACP™SEQ “which were derived independently from two
different data sets (TTO/SAVE versus WOCE/JGOFS/
OACES). However, it must be remembered that in the
present work we used an updated version of Gruber’s
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original AC* calculation method. Hence caution should be
exercised when making a direct comparison between the
present results and those of Gruber [1998].

4.2. Distribution of Anthropogenic CO,

[28] Figures 7a and 7b show the meridional distributions
of anthropogenic CO, in the eastern and western Atlantic.
The surface concentrations of anthropogenic CO, (typically
50—60 pmol kg™ ') are highest in the subtropical surface
waters and decrease with moving toward high latitudes
(30—40 pmol kg~ "). This is consistent with the two known
phenomena, namely that the accumulation of anthropogenic
CO, in surface waters depends on the vertical mixing of
subsurface waters and that the buffer capacity of seawater
with respect to CO, addition is temperature dependent. In
the subtropical regions, vertical mixing of surface waters
with subsurface waters is limited due to strong stratification,
which leads to higher values of C*NT in surface waters. At
high latitudes, however, surface waters mix with old waters
to a greater extent, lowering the value of C** in the surface
waters. Moreover, differences in the Revelle factor [Revelle
and Suess, 1957] between low- and high-latitude waters
also contribute to the observed differences. Warm waters
can absorb considerably more CO, than cold water for a
given CO, increase in the atmosphere.

[29] Anthropogenic CO, generally penetrates to shallower
depths in the tropical oceans but to deeper depths in the
subtropical ocean (30°-40°). The symmetry of vertical
penetration of anthropogenic CO, about the equator breaks
down toward the poles (latitudes >50°). In the northern
high-latitude regions, the penetration of anthropogenic CO,,
as defined by a 5 pmol kg~ ' contour, is greater than 3000
m. The deeper penetration of anthropogenic CO, in the
northern high-latitude ocean is caused by the sinking and
subsequent southward spreading of newly formed North
Atlantic Deep water (NADW), which contains significant
quantities of anthropogenic CO, and other transient tracers
such as CFC and bomb 'C [Doney and Jenkins, 1994;
Fine, 1995]. In the South Atlantic (south of 50°S), on the
contrary, the value of C*N falls sharply to below 5 pumol kg '
at a depth of only 500 m, although deep-water formation
occurs in the Weddell Sea. Poisson and Chen [1987]
and Hoppema et al. [2001] suggested three probable factors
contributing to the shallower penetration and low invento-
ries of anthropogenic CO,: (1) inhibition of air-sea CO,
exchange by the extension of sea ice during the winter, (2)
significant dilution by mixing with intermediate and deep
waters that contain little anthropogenic CO,, and (3) the
short residence time available for newly formed deep
waters in this region to pick up anthropogenic CO, from
the atmosphere. Caldeira and Duffy [2000] also suggested
that anthropogenic CO, absorbed into this region is quickly
transported to other regions along shallow isopycnal
surfaces. The shallower penetration of anthropogenic CO,
in the South Atlantic is consistent with measurements of
CFCs in the Southern Ocean including Weddell Sea
[Warner and Weiss, 1992; Schlosser et al., 1994].

[30] The other major feature found in the meridional
sections is the effect of the Deep Western Boundary Current
(DWBC) on the zonal distribution of anthropogenic CO, in
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Figure 8. Zonal distributions of anthropogenic CO, (pumol
kg ') from 60°W to 20°E nominally along (a) 50°N,
(b) 45°N, (c) 27°N, and (d) 30°S.

the North Atlantic. The distribution of CFCs show that the
DWBC transports newly formed deep water in the northern
high latitudes to the tropics within decades [Doney and
Jenkins, 1994; Molinari et al., 1998]. Consequently, elevated
values of C*N" are expected in the western basin compared
to the eastern basin. The vertical penetration and southward
spreading of anthropogenic CO, in the western basin is
much larger than in the eastern basin [Kortzinger et al.,
19991, as shown in four zonal sections of C*NT depicted in
Figure 8. An interesting feature found in the subtropical
western Atlantic is a distinct layer of higher values of
CNT between 1200 m and 1500 m (see Figure 8c). This
water mass, known as the Upper Labrador Seawater
(LSW), appears to be formed in the Southern Labrador
Sea [Pickart et al., 1997] and is characterized by high CFC
concentrations and salinity. The higher values of C*NT in
this layer compared to the same depth range in the eastern
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basin is probably due to the southward movement of
recently formed LSW charged with high concentrations
of anthropogenic CO,.

[31] The spatial pattern of C*N" in the Atlantic Ocean can
also be examined on particular density surfaces. Figures 9a
and 9b show the distributions of CANT on the gy = 27.10 and
0, = 37.00 surfaces. These isopycnal surfaces are selected
because they represent the Subpolar/Subantarctic Mode
Water and the core of the NADW, respectively. On the
0p = 27.10 isopycnal surface, high values of C*N' extend
from the northeast to the southwest, primarily due to
anticyclonic gyre transport. On the o, = 37.00 surface, in
contrast, high C*N" values are found in the northwestern
part of the North Atlantic and extend southward along the
western edge of the North Atlantic. This distribution pattern
reflects the pathway of the NADW.

4.3. Inventories of Anthropogenic CO,

[32] The inventory of anthropogenic CO, for each 10°
latitude band between 70°S and 70°N, denoted TOTAL-
CANT was determined by separately integrating the area-
weighed mean profile of CANT (£CANT) in the eastern and
western basin from the surface (SFC) to a mean bottom

depth (MAX) (Table 5),

MAX
CANT(Jat.1,1at.2) = A(lat.1, 1at.2)f-CANTdz,
SFC

TOTAL — (11)

where A4 (lat. 1, lat. 2) is the area of each latitude band
between lat. 1 and lat. 2. The boundaries between the
eastern and western basins for each latitude band are
nominally set at the location of mid-oceanic ridge. This
method was also used to estimate the total inventory of
anthropogenic CO, absorbed into the Atlantic Ocean using
TTO/NAS, TTO/TAS, and SAVE data [Gruber, 1998].
Estimated inventories for all latitude bands were summed to
produce the basin-wide anthropogenic CO, inventory
[Gruber et al., 1996, Gruber, 1998]. The total amounts of
anthropogenic CO, that have accumulated in the North
Atlantic (equator-70°N) and the South Atlantic (equator-
70°S) were found to be 28.4 Pg C and 18.5 Pg C,
respectively. These estimated total inventories are assumed
to reflect the conditions in 1994, the middle year of the
WOCE/JGOFS/OACES Atlantic carbon survey.

[33] We also estimated the potential errors of anthropo-
genic CO, inventories for the North Atlantic and the South
Atlantic based on the errors associated with estimating
mixing coefficients from the OMP analysis and with
defining the end-member water types (see Table 2). Esti-
mated mixing coefficients are subject to errors due to
uncertainties in the six measured parameters used in the
OMP ana I\?sm Therefore an approximate upper estimate of
ACPSEQNET £51 each data point was calculated by increas-
ing the mean values of all parameters by the standard
deviation of the mean value for each water type and then
running the OMP routine using these revised values. The
resulting mixing fractions were then multiplied by the mean
ACPISEQ yalyes for all water types contrlbutln% to each data
point. To obtain a lower estimate of ACP'SFRNET for the
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Figure 9. Distribution of anthropogenic CO, (pmol kg™') on the (a) oy = 27.10 and (b) 0, = 37.00
surfaces in the Atlantic. These isopycnal surfaces run through the core of the Subpolar/Subantarctic Mode

Water and of the North Atlantic Deep water.

same data point, the mean values of all parameters de-
creased by the standard deviation of the mean and these
values were used as inputs for the OMP routine. This
analysis yielded an upper and lower limit of the area-
weighed mean profile of C*NT for each latitude band.
Integration of the revised profiles to their maximum pene-
tration depths yielded an error <1% of the total anthropo-
genic CO, inventory for each latitude band. Using a similar
approach, the uncertainties in C*N" caused by errors in the
end-member disequilibrium values were estimated by
adjusting the mean ACP™SE? values by the standard devi-
ation of the mean value for each water type (see Table 2).
The resulting adjusted AC”'S"? values were then multiplied
by the mixing fractions to estimate the approximate upper
and lower values of ACP"SEQNET for each data point. This
analysis yielded an error of about 17% of the total anthro-
pogenic CO, inventory for each latitude band, which is
significantly greater than that caused by uncertainties in the
mixing coefficients but comparable to previous error esti-
mates using the same method [Gruber et al., 1996; Gruber,
1998; Sabine et al., 1999, 2002]. The overall uncertainties
of the total anthropogenic CO, inventory for the North
Atlantic and the South Atlantic are about 4.7 Pg C and 3.9
Pg C, respectively.

[34] The highest inventories of TOTAL-C*NT are gener-
ally observed in subtropical regions, specifically, between
30°S and 40°S and between 20°N and 30°N (Figure 10a).
The maximum in the North Atlantic bands is about 2 Pg C
higher than that in the South Atlantic bands. The high-

latitude regions have considerably lower total inventories
despite the fact that anthropogenic CO, has penetrated to
the bottom in these regions. This pattern is directly attrib-
utable to the lower total volumes of water in high-latitude
regions in comparison to the tropics and subtropics. The
deeper penetration (3000 m to the bottom) of anthropogenic
CO, in the high-latitude regions of the North Atlantic is in
sharp contrast to the distribution in the North Pacific, where
anthropogenic CO, has only penetrated to depths shallower
than 1500 m, primarily due to a lack of deep-water
formation in the North Pacific. Overall, the TOTAL-CANT
inventories for different latitude bands vary considerably;
these variations are largely due to differences in the total
water volume at different latitudes (Figure 10a).

[35] The distribution of anthropogenic CO, accumulation
is therefore better represented by the specific column inven-
tories for each latitude block, SPEC-C*NT (mol C m ™),
which is calculated by dividing TOTAL-C*NT by the area of
each latitude band (A4(lat. 1, lat. 2)) (Table 5),

SPEC-CANT(lat. 1,1at. 2)

= TOTAL-C*'(lat. 1,lat. 2)/A4(lat. 1, lat. 2). (12)
The distribution of the SPEC-C*™" inventory is similar to
that of the TOTAL-C*N" inventory in most regions except
the North Atlantic, where anthropogenic CO, penetrates
into deep basins (Figure 10b). The highest specific column
inventory is observed between 30°S and 40°S with 53 mol
C m 2 and between 40°N and 50°N with 78 mol C m 2.
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Table 5. Inventory of Anthropogenic CO, for Each 10° Latitude Band Between 70°S and 70°N in the Atlantic Ocean

West East East Total
West Surface West West Specific Surface East East Specific Total Specific
Latitude Belt, Area, Volume, Inventory, Inventory, Area, Volume, Inventory, Inventory, Inventory, Inventory,
deg 102 m? 10'° m? Pg C molCm 2 10”m? 10"°m’ Pg C mol C m 2 Pg C mol C m 2
70°S—60°S 4.0 1.4 0.3 7.0 0.6 0.3 0.0 5.9 0.3 +0.1 7
60°S—50°S 4.6 1.6 1.0 17.8 1.6 0.6 0.3 13.6 1.3+0.2 17
50°S-40°S 4.6 1.9 23 41.1 2.9 1.2 1.4 41.5 3.7+0.8 41
40°S-30°S 3.9 1.5 2.6 55.2 3.5 1.4 2.2 51.2 48+09 53
30°S-20°S 3.6 1.4 2.1 49.8 3.1 1.3 1.6 43.1 3.7+0.6 47
20°S—-10°S 3.0 1.4 1.4 39.7 3.1 1.3 1.1 30.6 2507 35
10°S—Equator 2.6 1.2 1.0 322 3.5 1.4 1.2 29.3 22 +0.6 31
Total South Atlantic 185+ 3.9
Equator - 10°N 2.6 0.8 0.8 26.7 4.2 1.6 1.6 31.4 25+0.8 30
10°N-20°N 4.6 1.6 1.7 313 34 1.5 1.1 27.8 2.8+1.0 30
20°N-30°N 5.5 2.1 42 63.2 34 1.5 2.6 62.8 6.8 +1.2 63
30°N-40°N 4.2 1.9 3.7 72.8 2.8 1 22 66.2 59+09 70
40°N-50°N 3.2 0.9 2.8 73.6 2.1 0.7 2.1 85.2 49+04 78
50°N-60°N 2.6 0.5 1.8 58.3 2.2 0.4 1.8 67.7 3.6+03 63
60°N—-70°N 2.1 0.2 1.0 39.7 1.6 0.2 0.9 45.5 1.9 £0.1 42
Total North Atlantic 28.4 + 4.7
“actual value 0.04.

The distribution of the SPEC-C*NT inventory is consistent
with that predicted from patterns resulting from thermoha-
line circulation [Sarmiento et al., 1992]. Moreover, Ekman 8 : : : ' : : :
divergence near the equator and lateral transport of 7 4 This study |
anthroppgemc CO, from the temperate  oceans  to the ——— Gruber (1998)
subtropical oceans result in accumulation of anthropogenic 6 -

CO, in the subtropical oceans, which in turn leads to high
specific column inventories. The basin-wide distribution of
the anthropogenic CO, column inventory is more clearly
seen in the distribution of anthropogenic CO, values
(Figure 11) that have been gridded using the objective
mapping technique of LeTraon [1990].

4.4. Comparison With Gruber’s Estimates

[36] Gruber et al. [1996] and Gruber [1998] applied the
AC* approach to inorganic carbon data collected from the
TTO/NAS, TTO/TAS, SAVE, and two Meteor (Meteor 11/5
and Meteor 15/3) surveys, and estimated basin-wide distri-
bution and inventory of anthropogenic CO, in the Atlantic
Ocean for the 1980s. The Meteor cruises were used in our
analysis as well. The surveys in the North Atlantic (TTO/
NAS and TTO/TAS) were conducted between 1981 and
1983, while the South Atlantic was sampled between 1987
and 1991 (SAVE, Meteor 11/5, and Meteor 15/3). The
estimated inventories determined by Gruber [1998],
21.1 = 5.0 Pg C for the North Atlantic (equator to 70°N)
and 18.0 + 4.0 Pg C for the South Atlantic (equator to
70°S), were referenced to 1982 and to 1989, respectively.

[37] The total inventory of 28.4 Pg C (referenced to 1994)
for the North Atlantic reported here is significantly higher
than Gruber’s [1998] value of 21.1 Pg C (referenced to
1982) for the same basin. In contrast, our total estimate of
18.5 Pg C (referenced to 1994) for the South Atlantic is
similar to the value of 18.0 Pg C (referenced to 1989)
obtained by Gruber. For direct comparison of our estimates
with Gruber’s inventories, the amount of anthropogenic
CO, taken up by the Atlantic Ocean during the period
between TTO(1982)/SAVE(1989) and WOCE/JGOFS/
OACES(1994) era was estimated by the Princeton ocean

Total inventory (Pg C)
I

0 T T T T T T T
80 L L L 1 L 1 L
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Figure 10. (a) Total and (b) specific inventories of
anthropogenic CO, between 70°N and 70°S in the Atlantic
Ocean. For direct comparison of our estimates with
Gruber’s [1998] inventories, Gruber’s original inventories
were scaled up to 25 Pg C for the North Atlantic and 19 Pg
C for the South Atlantic by adding the model-predicted
increase for the North Atlantic between 1982 and 1994 and
for the South Atlantic between 1989 and 1994.
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Figure 11. Map of anthropogenic CO, column inventory
(mol C m™?) in the Atlantic. Circles denote locations of
stations.

biogeochemical model (POBM) [Sarmiento et al., 1995].
This model-predicted uptake rate was then used to correct
the older estimates to 1994. The POBM predicts an annual
uptake rate of 0.25 Pg C yr~ ' for the North Atlantic and of
0.23 Pg C yr ' for the South Atlantic [Sarmiento et al.,
1995; Gruber, 1998]. By adding the model-predicted in-
crease of 3 Pg C for the North Atlantic over the period
1982—1994 and of 1.2 Pg C for the South Atlantic over the
period 1989—1994, Gruber’s estimates scaled up to 25 Pg C
for the North Atlantic and 19 Pg C for the South Atlantic.
These revised estimates agree with our inventories.

4.5. Anthropogenic CO, in the World Oceans

[38] The patterns of the deep-water circulation affect the
overall distribution of anthropogenic CO, in the oceans.
The meridional distribution of anthropogenic CO, is mostly
symmetric about the equator, with the exception of the
North Atlantic, where the formation of DWBC carries
anthropogenic CO, into the ocean interior. The highest
column inventories are observed in the midlatitudes of both
hemispheres in all three major basins because of lateral
transport of anthropogenic CO, into these regions. The third
main feature is the small amount of anthropogenic CO, in
the Southern Ocean (south of 50°S), which was first
observed by Poisson and Chen [1987] and later confirmed
by Hoppema et al. [2001].
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[39] Inventories of anthropogenic CO, estimated indepen-
dently for three ocean basins in the present work and
previous studies [Sabine et al., 1999, 2002] show that the
global oceans excluding marginal seas and the Arctic Ocean
have absorbed the total of 112 Pg C of anthropogenic CO,
since the beginning of the Industrial Revolution. This
anthropogenic CO, is distributed unevenly across the three
major basins, with levels of 46.9 = 8.6 Pg C in 1994 for the
Atlantic Ocean, 44.5 = 5 Pg C in 1994 for the Pacific
Ocean, and 20.3 =3 Pg C in 1995 for the Indian Ocean. The
total inventory of 112 + 17 Pg C in the world oceans
accounts for approximately 29% of the total 387 Pg C of
anthropogenic CO, that is estimated to have been emitted
over the past 250 years by the burning of fossil fuels and
cement production (244 Pg C) [Marland et al., 2002] and
by land-use change (143 Pg C) [Houghton and Hackler,
2002].

5. Conclusions

[40] To estimate the anthropogenic CO, inventory of the
Atlantic Ocean, we applied the extended AC* method to
high-quality inorganic carbon, CFC, and nutrient data
collected during the WOCE/JGOFS/OACES survey of the
Atlantic Ocean between 1990 and 1998. The anthropogenic
CO, distribution in the Atlantic Ocean determined in the
present analysis displays various features that are consistent
with those found in the Indian Ocean and Pacific Ocean,
most notably, high column inventories in the midlatitude
regions and lower column inventories in the Southern
Ocean. However, in contrast to other basins, the Atlantic
Ocean was found to have high column inventories at
latitudes >40°N, largely due to the effective transport of
anthropogenic CO, by newly formed deep water transported
southward in the Deep Western Boundary Current.

[41] The total inventory of anthropogenic CO, in the
Atlantic Ocean is approximately 46.9 + 8.6 Pg C that is
slightly higher than that of the Pacific Ocean. A method
similar to that used here has previously been applied to
data for the Indian Ocean [Sabine et al., 1999] and
Pacific Ocean [Sabine et al., 2002] collected during the
WOCE/JGOFS/OACES global carbon survey. The esti-
mated distribution and inventory of anthropogenic CO,
for the Atlantic Ocean presented here, in conjunction with
the results of the previous analysis for the Indian Ocean
and Pacific Ocean, should provide useful constraints for
global ocean models used to estimate the uptake of
anthropogenic CO, and to assess future changes in the
oceanic uptake of anthropogenic CO, and in the global
carbon cycle.
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